PHYSICAL REVIEW B 66, 195215 (2002

Quasiparticle band structure of ZnS and ZnSe
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We calculate the quasiparticle band structure of ZnS and ZnSe using the plane-wave pseudopotential method
and theGW approximation for the self-energy. The Zn semicoit Sates are treated as valence states. A
systematic study of the role of various approximations is presented, including the local density approximation
(LDA) and generalized gradient approximati0BGA) for the ground-state properties, the role of self-
consistency both in the dielectric function and the self-en&rgyhe effect of off-diagonal matrix elements of
(2 —V,o) in the Kohn-Sham orbital basis, and the plasmon-pole approximation. This study demonstrates that
the LDA and GGA give similar results, and that self-consistency in updating the quasiparticle energies im-
proves the accuracy of the band gap as well as the energies of the semit@®t8s. The calculated
quasiparticle band gaps of ZnS and ZnSe agree well with experimental values whewWygproximation is
used. There is some discrepancy for the calculated quasiparticle energies of the semicore states and some
possible reasons are discussed.
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I. INTRODUCTION bitals and their accuracy in approximating the true quasipar-
ticle wave functions. This question is also explored below.
In the last 15 years, th6W approximatioh? to the self-
energy has become a well-establiskasl initio method for Il. METHODS
calculating the quasiparticle band structure of semiconduc-
tors. The approaétuses the eigenvalues and wave functions The quasiparticle energy spectrum is calculated using the
from density-functional theofyas a starting point and then standardsW approaclf. The quasiparticle energies and wave

constructs the Green function and the screened Coulomb ifunctions of the quasiparticle excited states can be obtained

teraction for the electron self-energy operator. In practice?Y SOlving the Dyson equation

one often uses the é)??eudopotential methadd the local
density approximatioh (LDA) or generalized gradient , r.Eap ,
approximatiofi (GGA) for the density-functional part of the [T+VeXt(r)+VH(r)]w(r)+f dr'2(r,r BT g(r)
calculation. This approach gives accurate band gaps for vari-
ous group IV and group I1I-V semiconductor bulk materfals
and also produces good results for the valence-band offse\tﬁh
in semiconductor heterojunctiofs.

This study examines applications of tk&N method to
study II-VI compounds, where the semicatestates have a
strong influence on the valence and low-energy conductior| &\\%/// \\\\\\?%
states. In fact, in zinc compounds such as ZnS and ZnSe, th
Zn 3d semicore states have a higher energy than the 4
valence states. Thus, treating the Zd S8emicore states as
part of the frozen core of the pseudopotential can lead tq
large errors in the electronic structure. Previous work on thig
subject has shown that semicatstates have a strong influ-
ence on the band structure of compounds such as GaN, Zn§

4
o)
Previously, it has been found that the 3emicore states 12
in Zn compounds are under-bound by 2-3 eV in LDA m
calculations® An interesting question is whether tf@w ‘ (
<= =
816

=EPy(r), @

ereT is the kinetic energy operatov,.,; andVy are the
external potential due to the ions and the electrostatic Hartree

ZnS

approximation gives the correct quasiparticle energy for
these states. This issue was studied previoliSijut the
conclusions did not lead to a consistent picture. Since the
semicore states are highly localized, the choice of the
density-functional approximationd. DA or GGA) may be
important in determining the quality of the Kohn-Sham or-  FIG. 1. Total valence charge density of Z(eectrons/ce)l
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FIG. 2. Total valence charge density of Zn@éectrons/cell FIG. 4. The charge density of the highest valence-band wave
function of ZnSe af” (electrons/ce)l

potential, and& is the electron self-energy operator. TB&/

L We use the plane-wave pseudopotential density-functional
approximation takes the self-energy operarto be P P P y

method to obtain wave functions and eigenvalues as input for

the quasiparticle calculations. This is done by solving the
i —io¥ Kohn-Sham equation

E(r,r’;E)zE dwe™ “G(r,r";E— o)W(r,r';w),

XC

2 T+ Vg1 +Vy(r)+ o i =Eit ()
ex H 5n(r) i 17

whereG is the Green function anW/ is the screened Cou- \where [SE,./on(r)]=u[n;r] is the exchange-correlation

lomb interactionW= e*1VC_ (e is the dielectric function and  potential anch(r) =S ,.d #i(r)|? is the total electron density.

V. is the bare Coulomb interactionThe eigenvalues and Both the LDA and GGA are used as approximations to the
eigenfunctions (Kohn-Sham  orbitals from density-  exchange-correlation potential. Because of the existence of
functional theory(DFT) calculations are used to calculate semicored states in Zn, we need to pay careful attention to
initial ~ static dielectric matrices. Using a generalizedthe treatment of semicore states in the pseudopotential, the
ces are then calculated and used to construct the screened|n order to include the effect of semicodestates, we treat
Coulomb interactionV. The Kohn-Sham orbitals and eigen- the 34 states in Zn as valence states when constructing the
values from the DFT calculations are also used to construgiseydopotential. As shown by Rohffireg al,'? treating the

the Green functiors in the quasiparticle approximation. 3d states, as valence states, while keeping thead 3

"7/ \\=Z = ==

T P

FIG. 3. The charge density of the highest valence-band wave FIG. 5. The charge density of the lowest conduction-band wave
function of ZnS afl” (electrons/ce)l function of ZnS afl” (electrons/ce)l
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N N no semicore

FIG. 6. The charge density of the lowest conduction-band wave
function of ZnSe al” (electrons/ce)l
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states in the core can result in large errors in the quasiparticle E (eV)
energy eigenvalues. Our own test calculations for ZnS anc : :
ZnSe reproduce this finding. The correct way to describe the with semicore
semicore states in Zn is to include the entige 3p, and 3
shell as valence states, which leads to &°Zmpseudopoten-
tial. Very similar to what is described in Ref. 9, we first
construct the pseudopotential for the’Zrion, which has the
electronic configuration (Nex$3p®3d*° and then test the
energies of the 8§ 3p, 3d, and 4 states of the pseudopo-
tential in the neutral atom configuration. The cutoff radius of
the pseudopotential configuration is then varied until good
agreement with all-electron results is achieved.

Since the semicore states are highly localized, the calcu:
lations can be difficult to converge. In a previous work,
Rohlfing et al® used a Gaussian-orbital basis set which,
while computationally less expensive, is more difficult to
monitor or control systematically for convergence and basis
set bias. In this work, we use a plane-wave basis set, which ~
while computationally demanding, is bias-free and straight-
forward to converge. In the initial DFT calculation, a plane-
wave cutoff energy of 200 Ry and tdnpoints in the irre-
ducible Brillouin zone are used, which converge the energy E (eV)
eigenvalues of the semicoral 3tates to within 0.1 eV and
the eigenvalues of,p valence states to within 0.05 eV. We  FIG. 7. The real patfte,(®)] and imaginary paite,(w)] of the
choose a cutoff energy of 49 Ry for the correlation parts ofdielectric functioneq(q=0,w) for ZnS with and without semicore
the self-energy and a cutoff energy of 180 Ry for thestates E=#%w). The GPP model result is also plotted in dashed
(Hartree-Fock exchange energychoices that converge the line, the arrow indicates the imaginary patt function).
eigenvalues of the @ semicore states to 0.5 eV and th@

valence states to 0.1 eV for both ZnS and ZnSe. Using the DFT results, we calculate tlad initio static
random-phase approximatioiRPA) dielectric matrices
IIl. RESULTS AND DISCUSSIONS eca(0,0w=0) and extend them to finite frequencies with a

generalized plasmon-poléGPP model?> While the GPP
The DFT stage of our calculations produces Kohn-Shanmodel is known to work well for delocalized valence states,
eigenvalues, wave functions and total electron densities foits applicability to localized semicore states may seem ques-
ZnS and ZnSe. Figures 1 and 2 show the total valence ele¢ionable. We test the GPP for ZnS with localized semicore
tron density. Figs. 3 and 4 show the amplitude of the wavestates by calculating the true frequency-dependent RPA di-
functions at the top of the valence bandIatfor ZnS and electric function e5o(g=0,0) both with and without the
ZnSe, respectively, while Figs. 5 and 6 show the amplitudesemicore states, and we found that the two cases are very
of the lowest conduction-band wave functiondat similar to each other and both agree with the GPP model, as
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TABLE I. The band-gap energygj), semicored state binding 8.0
energy E4) with respect to the valence-band maximum, and static Zns /\\/
LDA results, “first shot” GW results, GW results using updated abr
dielectric matrices,GW results using Gaussian-orbital basis set
eV of E4 in Ref. 9 is an interpolation of self-consistency and renor-
malization effect See text for details.

dielectric constantd,,) of ZnS using the LDA- GW approach. The /_\
from Ref. 9, and experimental results are listdwk larger value 7.9 0.0 7

E (eV)
i
[=)

LDA  GW GW GW Expt. ]
) s — |
(first sho)  (updatede) (othepn? 8.0 q
€. 5.96 4.79 5.1
Eq (€V) 165 3.19 3.64 3.50 3.80 120 | 1
Eq(eV) 6.1 6.9 7.4 6.4,79 898, T — T
9.0315)° -16.0

L A r A X UK > r

aReference 9.
bReference 13. FIG. 8. ZnSGW band structure.
‘Reference 14.
are very small. Our test results for ZnS using the LDA show

LDA|y _ LDA : LDA_ LDA
shown in Fig. 7. Therefore, we use the GPP model in théhat|<¢3d |2 =V trcon >|L§AO‘1O ev, V‘,’_g'lAe|E3d Econ
work reported below. ~10eV, and that [(#34" |2 —Vyd¥yal-3p)|<0.02 €V,

The Kohn-Sham eigenvalues and wave functions fromfvhile |E5e"—Eyalapl~7 eV (atl). This is clear evidence

DFT calculations are initially used to calculate the dielectricthat our DFT wave functions agree very well with the qua-
matrices and the Green function. Later, we also use the ugiparticle wave functions and that the mixing between the
dated quasiparticle energies to recalculate both the dielectrigemicore 8 and higher states is negligible for our purpose.
matrices and update the Green function for a «sglf- Therefore, we ignore such mixing and take the Kohn-Sham
consistent” recalculation of the self-energy. Our results show@rbitals to be identical for the quasiparticle wave functions.
that self-consistency in constructing the Green function has a Results for the band gafE(), semicored state binding
small effect of about 0.1 eV on the band-gap energy, wherea@nergy €q) relative to the top of the valence band, and
self-consistency in constructing the dielectric matrices has gielectric constant ) of ZnS using LDA+-GW are pre-
much larger effect as discussed below. sented in Table I. Clearly, the LDA alone underestimdgs
Aside from the issue of the self-consistency of the energyandE4. Taking the LDA wave functions and eigenvalues as
eigenvalues used for construction of the dielectric matricesnput, we calculate the dielectric matrices and Green func-
and Green function, the LDA and GGA Kohn-Sham orbitalstion, and use these to calculate the “first shGtW quasipar-
are usually assumed to be identical to the true quasiparticléicle energies. While the band gap becomes much closer to
wave functions. We test this assumption by expanding thethe experimental value, the semicore state binding energy,
quasiparticle wave function in the Kohn-Sham orbitals andhough improved, is still sizably different from the experi-
treating the term¥ — V) as a perturbation. We find that the mental value. The corresponding “first shaBW results us-
mixing coefficientsy;; of Kohn-Sham stateisandj (for sym- ing the GGA are shown in Table II: there is little difference
metry allowed orbitals given by the pertubation expression between the LDA-GW results and GGA GW results,
strong evidence of idea that ti&&V approximation success-
fully corrects for the deficiencies of DFT regardless of the
(WOFTIS =V g T) approximation employed(LDA or GGA): it does not
a;j = E—E, ; 4

TABLE Ill. The band-gap energyH;), semicored state binding
energy E4), and static dielectric constant() of ZnSe using the
TABLE II. The band-gap energyHy), semicored state binding  LDA +GW approach. The LDA results, “first shotGW resuilts,
energy E,4), and static dielectric constant() of ZnS using the  GW results using updated dielectric matrices and experimental re-
GGA+GW approach. The GGA results, “first shoGW results  sults are listed.
and experimental results are listed.

LDA GW GW Expt.
GGA GW (first sho}) Expt. (first sho}  (updatede)
€. 5.42 5.1 €. 8.05 6.42 54
= (eV) 2.03 3.27 3.80 By (eV) 0.89 2.32 2.41 2.96
Eq (eV) 6.0 6.8 8.976),2 9.0315)° Eq(eV) 6.3 7.0 7.2 9.37),2 9.2015)°
8Reference 13. aReference 13.
PReference 14. bReference 14.
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TABLE IV. The band-gap energygj), semicored state binding 8.0 ~—__ ==
energy E4), and static dielectric constan&) of ZnSe using the ZnSe / ]
GGA+GW approach. 40 //\

GGA GW GW Expt.
(first shoy  (updatede) 0.0

€. 6.81 5.76 5.4 < \<

Eq (eV) 1.32 2.51 2.69 2.96 ﬁ -4.0 T ]

Eq(eV) 65 7.3 7.5 9.37),29.2015)° ]

e e EE—————

8.0 F =

aReference 13. ]

PReference 14. ]
-12.0 - .

strongly depend on the initial guess. TB&V results calcu- T ——

lated by Rohlfinget al® using a Gaussian basis set are also .15

listed in Table | and the agreement between the two basis sel. L AT A X UK z r

is gratifying. FIG. 9. ZnSeGW band structure
Using the quasiparticle energies from the “first sh&W o HETe:

calculation, we calculate RPA dielectric matrices, Greefygnig) results. Therefore, a fudb initio prediction of thed
functions, and therGW quasiparticle cnergies which are |, q| energies must await further theoretical advances.
listed in Table | as GW (updatede).” “ As expected, the

dielectric constant €,)) decreases because of the increased
band gap and the resulting refined quasiparticle band-gap

energy is increased slightly. The semicaréinding energy We have investigated the quasiparticle properties of ZnS
is also increased to 7.4 eV. Overall, we see that W  and zZnSe within the DFF GW approach and have focused
approximation improves the band gap and semicore bindingn the role of the @ Zn semicore states. We find that the
energies. The agreement between the band gap and the &foice of LDA or GGA approximation as a starting point
perimental value is excellent, while there is still a SiZ&b'emakeS little difference for the band_gap and semicore state
difference remaining for the semicore state binding energypinding energies, and that the LDA and GGA wave functions
We show the quasiparticle band structure along highare both in excellent agreement with the true quasiparticle
symmetry directions in Fig. 8. wave functions. The self-consistency of quasiparticle ener-

Similar results for ZnSe are displayed in Tables Il andgijes in constructing the Green function has a small effect on
IV. Similar to ZnS, the GW approximation improves both the band-gap and semicore state energies, whereas the role of
the band-gap energye() and semicore state binding energy self-consistency in constructing the dielectric matrices has a
(Eg). There is good agreement f&y between theory and much larger and quantitatively important effect. The final
experiment, while a sizable difference remains for the Semiband-gap energies agree well with the experimenta| values.
core state binding energy. The corresponding band structutg@owever, there are still sizable differences between the cal-
is shown in Fig. 9. culated semicore state binding energies and their experimen-

In summary, for both the ZnS and ZnSe systems, theal values. There is evidence that the existence of satellites in
LDA+GW or GGA+GW approaches give similar agree- the spectrum of the semicore state may explain part of the
ment for the calculated band-gap energies with the experidiscrepancy but further investigation is clearly necessary.
mental values, whereas semicore state binding energies have
larger discrepancies. Rohlfingt al® have provided a pos-
sible explanation. They used a simple model to include some
renormalization and satellite effects in the self-consistent This work was supported by National Science Foundation
Green function and this inclusion provides an energy shift ofGrant No. DMR00-87088 and by the Director, Office of Sci-
1.5 eV for the ZnS semicore states, resulting in a bindingence, Office of Basic Energy Sciences, Division of Materials
energy of 7.9 eMsee Table)l, but there are still unclarified Sciences and Engineering, U.S. Department of Energy under
problems in such an approattHowever, the key point is Contract No. DE-AC03-76SF00098. Computational re-
that for these localizedl states, neglected and complex sources have been provided by NSF at the National Center
many-body effects can shift energies by amounts on the offor Supercomputing Applications. We also thank Michael
der of remaining discrepancies between & and experi- Rohlfing for discussions and helpful criticism.

IV. CONCLUSIONS
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